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'iNTRObKUCTiONf:‘ {OBJECTIVES AND THEIR APPLICATION TO THE SPACE MISSION
n T S R RPN ;- J

| . E | ;' : : A x ‘ |
Several cond tions pecullar to space travel compllcate man's. usual nutri-

i

tlonal{and dletary requlrements l - a lack of space for storage of food,
i ) |

? 2

1

2 - p0851ble(elongatlon of fllght tlme or delays in recovery nece851tat1ng

1 i 1

perlods of 1nan1t10n, 3 - constant calorlc demand to malntaln acute mental

awareness wlthout compllcatlons of hypoglycemla and ket081s, as well as 4 -
1ncreased grav1tatlonal force during 1lift off and 5 - welghtlessness during

¥

the actual fllght.

We have been lnvestlgatlng the effect of diets that would prov1de calo—
‘ ; i { .
rles endogenously and yet malntaln an adequate concentratlon of circulating
\

i
glucose to meet the requlrements of the central nervous; system (CNS) Tis-

sues other}than ithe CNS utilize either carbohydrate or fat to meet thelr energy
‘ ! ;

demands.i Fat belng ‘the most concentrated form of energy would be the energy
source of choice for space travel.‘ We have shown that fat stores can be built
up w1th1n the rat by feedlng dlets hlgh in either fat or carbohydrate (Pre-
v1ous Progress Report July 1968), thereby providing a calorlc store to be

consumed when needed. *The fatty acid content of these stores developed from
! | '1 ' I :
each dletary reglmen 1s not the same. We have shown that the fat of animals
i ;

fed the,hlghtfat dlet reflects the fatty acid content of the. diet while the

fat offthose fed/ hlgh carbohydrate contains the fatty ac1ds that are charac-
terlstdcally»syntheslzed by the animal. ‘ ! |
Unfortunate%y, the commoninatural llplds are ketogenlc and ‘cannot pro- .
v1de glucose}or glucose precursors to malntaln normal’ CNS fuhctlon. Because
! l : ‘ 5

the stores of glucose, malnly in the form of glycogen, in the body are small,

the anlmal relylng on endogenous sources of energy must form glucose from
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other compounds, mainly the glucogenic amino acids. The liver is the major
site of this gluconeogenesis.

It has long been known that the previous nutritional state of the
animal can influence lipogenesis and glucose utilization in adipose tissue
(1 - 3) and liver (4) and, also, hepatic glucose formation (5 - 8). While
these earlier studies were conducted after short term feeding periods, we
have shown that the enzymatic profile of adipose tissue and liver is still
different in animals fed different diets for a matter of months (Annual
Progress Report, July, 1968).

These differences inAenzymatic activity and body composition probably
have grave implications on the ability of the animal to survive a stress-
ful situation. For example, the feeding of a diet rich in available car-
bohydrate increases fatty acid synthesis in liver (4) and adipose tissue
(1). Such dietary treatment also increases the activities of many hepatic
enzymes concerned with glucose utilization (9) and decreases the activity
of those concerned with gluconeogenesis (6, 7). These enzymatic changes
could leave the animal at a disadvantage for coping with a subsequent fast.
On the other hand, diets rich in protein that tend to increase the rate of glu-
coneogenesisvby the liver (8) might providé a more favorable enzymatic
compleﬁent with which to enter the fast.

The differences in body composition resulting from the previous diet
could also be a factor in the resﬁohse to nutritional stress. The metabolic
products of tissue components utilized during the fasting state for example,
would be quite different in animals of differing body composition. Those
with a higher fat content might show a propensity for ketosis whereas those

with less fat might tend to mobilize protein as well as fat, thereby simul-
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The qesults, thus far, conflrm the prev1ous]unlque flndlng% that enzy-
IR | j :

matlc dlfferences‘occur in rats fed two dlfferent dlets for a lbng perlod.

R i
When compared tg the act1v1ty ‘of rats fed the hlgh carbohydrate diet, the
act1v1ty of hepatlc glucose-6 P dehydrogenase, —P ~-gluconate dehydrogenase,

i

cltrate‘lyase and total hexoklnase were lower in rats fed a dlet containing
; ) ‘_o‘ . . I
l ;«(,‘ H '
459 fat;‘ Whenlthe act1v1t1es of these enzymes were measured 1n|ad1pose
e L ]
tlssue simllar differences were observed except that malic enzyme was much

lowerfin the fat»fed animals while the total hexok1nase,act1v1ty was the

i

‘};‘1
same for both dletary groups.

The enzymatlc proflle exhlblted in the anlmals fed these two diets would

i X J

1nd1cate that feedlng fat decreases the formatlon of fatty ac1ds in both

I
liver and adlpose tlssue, Such an 1nterpretatlon 1s verified by the lower

i
|
!

incorporatiOn'of acetate into fatty acids by the tissues of the fat fed

rats than by those fed diet S (Present study and Prev1ous Progress Report,

July, 1968) N | ‘
b ; Ib' -
The hlgh proteln dlet was added in the current series of experiments

|
to completelthe examlnatlon of diets each rlch 1n one of the basic foodstuffs

(Table I) The act1v1ty of the hepatic enzymes measured indicated little

dlfference between the enzymatlc response to thls diet and that to the

P »«

high carbohydrate dlet. In contrast, the activity of enzymes related to
1 |

fat synthe81s both dehydrogenases, citrate’ lyase, and mallc enzyme were

much lower 1n the adlpose tlssue of the proteln fed anlmals than the acti~

; ],\ ":i‘

v1ty of the same enzymes in rats fed a dlet rlch in carbohydrate. Clearly,
ol

long term feedlng of carbohydrate increases the llpogenlc capa01ty of adi-

pose tlssueli 'g
?.‘ ' H ’ " 3
The dlfferePces in the act1v1ty of the gluconeogenetlc enzymes being

5
8 ! : §
it 1
§ 1

|
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measured in the present study, pyruvate carboxylase and pyruvate carboxy-
kinase, are not sufficient to indicate definite trends. When more measure-
ments have been made a pattern of long term dietary effects may develop.

The experiment with animals fed the three diets, each rich in a dif-
ferent basic foodstuff,‘for four weeks:and then fasted for a week was con-
ducted at the time of preparation of this report. Until all the analyses
are complete, we cannot interpret the effect of these diets on subsequent
fasting.

In addition to those diets mentioned above, another one, containing
heptadecanoic acid as the sole source of fat (Table I), was studied. This
straight chain fatty acid which contains 17 carbon atoms was added to the
diet in the same concentration as the saturated fat used in diet M. It
is of sufficient length to directly enter the lymphatic system (13 - 15),
thereby, avoiding degradation in the liver. It is also one of the few fatty
acids of its type commercially available. Because»of its cost we have con-
ducted only a pilot study of four days feeding and seven days fast, to ver-
ify the worth of this approach. The preliminary studies with this diet
are now completed.,

Feeding C,- fatty acid cleéfly changes the fatty acid composition
of all tissues examined, even though it was fed for only four days (Table
II). The éhanges in epididymal adipose tissue do not reflect the fatty acid
composition of the diet as markedly’as animals fed plastine for 4-6 weeks.
However, liver does show a significant rise in its content of this unique
acid. We believe these differences in the distribution of the fatty acid

into fat stores of animals fed the M and Cj7 diets are partially due to
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length of théafeeding;period and pabtlyzto tgeEfac% that the odd carbon

chain fatty acidfwas fed aé the‘fattyiacid r?ther than as triglyceride.

Future experimenfs are planned in thch Cy7 éill be fed for long perilods
of tiﬁe as the tﬁiglyceridé as well as the fpeé acid.

At fhis time, the onij results available with fasted animals are those
with rats previously fed heptadecanoic acid. Therefore, we cannot, compare
the metabolic reSponse of these animals to those fea thé other diets and
then fasted.: However, it is valid and worthwhile to compare the fasted
ones with their counterparts fed heptadecanoic acid. The results indicate
that, during fasting, fatfy acid synthesis f;om acetate was decreased.

The activity of many hepatic enzymes was decreased, especially malic enzyme,
citrate lyasé and total hexokinase (Table II). Such a response to fasting
has been reported previously. In this case,‘the change in activity of malic
enzyme and citrate lyase may be related to thF decrease in lipogenesis.

(8, 16). |

It is interésting that adipose tissue dié not‘parallel the response
of liver, Metabolic activity of this tissue was actually greater after
the fast, Oxidation of acetate and lipogenesis were both markedly increased’
by fastiﬁg. As é%result of this type of dietary ménipulation a marked
increase in the t%o enzymeé of the pentose phosphate cycle, (the source of
TPNH for fatty aéid synthesis) was also observed. In this tissue, however,
the activities of?malic ehzyme and éitrate lyase, two enzymes supposedly
related to lippgénesis, weré either lower or the same at the end of the
fast than at theéstart: Thus, in contrast to the situation in liver, lipo-

genesis and the activities of malic enzyme andcitrate lyase do not

parallel each other.
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1 Af first glancé,~the response of adipose?tissue'in%fasting rats pre-
o j “l\ i

IR '
fed the dlet contalnlng Cl7 fatty a01d would be dlsadvantageous to survi-

val, Effrc1ent Ptlllzatlon of the llmlted nutrlents durlng fastlng would
seem to call‘fon a snutlng down of }1pogene51s and ox1dat1ve reactions in
adlpose tlssue rather than'an 1ncrease. Thebchanges observed may be re-

lated to the fact that the C17 dlet was' rlch ln fat, ; situation inhibit-

ing llpogenes1s. Fastlng may have released thls 1nh1b1tlon to the detri-

ment of the anlmal., The response of fasted: rats prev1ously fed the other

: ,,;';fmi
dlets w1ll be followed W1th 1nterest. \ o ;,'f

' The act1v1ty of hepatlc pyruvate carboxyklnase was tWwaold higher

in the fasted anlmals than in. “the 017 fed anlmals. Such a response is
' i
expected 1f thls .enzyme is rate determlnlng 1n glucose formation. Indeed,
! .
glucose formatlon from alanlne was 1ncreased 1n the‘llvers of . the fasted

ratsﬁ The actlvity of pyruv1c carboxylase remalned unchanged This sur=~
prising response 1nd1cates that under the condltlons of our study,thls

enzyme while partlclpatlng 1n the gluconeogenlc process does not control

5 }

the rate of glucose formatlon. . . | i i
v 1 ; ; C I
Fastlng, of course reduced the amount of fat in the anlmal, and also
A ‘ 'I
altered the fatty acid comp031tlon of both llver and adﬁpose tissue (Table
III). L ; | o f o
‘ , ‘ : e : \:“! ) ‘
The concentratlon of' plasma glucose and free fatty~a01ds in these
d i “ “
Cl7 fed rats cannot be compared to normal values reported in the litera~-
! l X . ?
ture because these anlmals were on a hlgh fat diet. Nerther;concentratlon
3‘ !

was markedly altered by prolonged fastlng (Table IV) Whileiwe cannot
i

say how anlmals fed the other diets w1ll respond, 1t appears%that stores

of fat contalplng fatty a01ds which w1ll prov1de glucose precursors as
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well as usable energy during their oxidation will protect an animal from
fasting hypoglycemia. FPeeding the Cy7 diet, however, did not preserve
liver glycogen. Glycogen was l.4 percent of liver weight in the fed ani-
mal, whereas the liver of the fasted animals was depleted'of all glycogen
(Tame ).

Whether or not all changes observed in the Cl7'study are less severe
because odd carbon chain fatty acids were present in the fat stores must

walt on the results of our more complete study.
SIGNIFICANCE OF THIS STUDY

Our findings that diet can affect body composition and enzymatic acti-
vity make dietary history a factor to be considered in subjects likely
to experience metabolic stress. The results of Feller and co-workers (17,
18) and of Smith's group (19) would indicate that abnormal gravitational
forces produce such stress. Our study of the fasting state provides an
opportunity to determine the importance of dietary history in the ability
to withstand a stress. It will also provide information for selecting
dietary conditions necessary to minimize nutritional stress. If dietary
history does appear to be a significant factor, and at this stage it does,
clearly it would be valuable to carry out similar studies in animals under-

~going the stress of chronic acceleration and of weightlessness.
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bisulfite, 0,002; thiamine hydrochloride, 0.0125; riboflavin, 0.025;
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0.08; v1tam1n D l (O 1% in gelatln) 0,005; folic acid, 0.005.




-11-

TABLE II

METABOLIC ACTIVITY OF LIVER AND ADIPOSE TISSUE BEFORE AND AFTER

A 7-DAY FAST OF RATS FED A DIET CONTAINING
HEPTADECANOIC ACID AS THE SOLE SOURCE OF FAT

Enzymatic activity:
(um/gm Protein/min)

In liver:

Hexokinase

Glucose-6-P dehydrogenase
6-P-gluconate dehydrogenase
Malic enzyme

Citrate lyase

Pyruvic carboxylase

Pyruvic carboxykinase

In adipose tissue:

Hexokinase ~
Glucose-6-P dehydrogenase
6-P-gluconate dehydrogenase
Malic enzyme

Citrate lyase

Biosynthetic capacityl: In liver:

(um/gm Tissue/3 hrs)

CO, from alanine
Glucose from alanine
Fatty acid from acetate

In adipose tissue:

COy from acetate
Fatty acid from acetate

1. Incorporation of tracer substrate.

Fed

Fasted



TABLE IIT

FATTY ACID COMPOSITION OF LIVER, ADIPOSE TISSUE AND CARCASS
BEFORE AND AFTER A 7-DAY FAST OF RATS FED A DIET CONTAINING

s Solids Fatty Acids Fatty Acidsl, % Total Fatty Acids

.l Tissue__| Treatment| (% wet wt.)| (%2) T2:0 [14:0 [14:1 ] 16:0 [ 16:1]17:0 [18:0[18:1]18:2 [20:4
. - Carcass Fed R 7.67 0.1 | 1.7 | 0.3]19.91 4.9} 8.1 | 4.7 |30.5|27.3 | 2.3
- Fasted | =~ ~ vl .91 0.1} 0.6 | 0.2|18.6| 3.0 u.4|16.4]22.3|18.1( 7.0
. ;v‘wmﬁ pag | —Fed---——| 88.87 - | 78.95 0.1 | 1.6 | 0.3}16.6| 4.9 1.0| 3.2]382.9|31.7 | 2.1
w A Fasted |- 21.54 . _ | 2.60 Jo.1} 1.1 0.1)u46.2) 1.8] 3.5]22.3[3u4.4)12.9 |25.3
Liver - Ped- -~ 30,19 - |-~ 2.,47 ~10.1| 0.3 - ]10.7} L.3{10.5| 8.0} 13.2]20.7 |30.0

- SR Fasted 28,18 -1 1.46 S - 0.3 - |11.8) 1.0{ 4.3 |20.1|12.0]13.5 [28.8

i .r.-1l. Designated as number of C atoms in chain followed by the number of c=C.

e . .2.. Carcass wmﬁﬁ< acids expressed mm;vmdomuﬁ of wet weight. Tissues are expressed as percent of total solids.
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TABLE IV

' CONCENTRATION OF PLASMA GLUCOSE AND FREE FATTY ACIDS AND OF
HEPATIC GLYCOGEN BEFORE AND AFTER A 7-DAY FAST FROM RATS
FED A DIET CONTAINING HEPTADECANOIC ACID AS
THE SOLE SOURCE OF FAT

Concentration in Plasma of:

Treatment | =~ Glucose Fatty Acids Hepatic Glycogen
(mg/100 ml) | (WEq/L) (%)
Fed 140 1009 1.4

‘ Fasted “114 1105 0
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